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INTRODUCTION 

The Advanced Meteorological Temperature Sounder (AMTS) Definition 
Study was conducted in essential conformance with .let Propulsion Laboratory 
Contract b5-4787. Specifically, the functional requirements of Exhibit A (11) 
were used as the baseline for the conceptual desijin of a fixed pratinp out-of- 
plane mul ti -detector spectrometer for the Space Shuttle application. 

While the main emphasis of the study was placed on spectrometer de- 
si|in and performance, it was apparent that the uratinji instrument would be 
lar^e and the element detector array could be difficult to cool radiatively 
from a free iiyinjj spacecraft. Further, it was recognized that increasinp the 
spectral resolution of the j;ratinj; instrument would be difficult in an instru- 
ment of reasonaljle size. 

For these reasons a parallel study of a Michelson interferometer spec- 
trometer was undertaken. This type of instrument offers compact size, fewer 
detectt>rs to cool, and the possibility of increased spectral resolution. 

In this connection a company -funded development of a laboratory inter- 
ferometer based on the AMIS requirements has been started. 

This study rejiort contains the desiun and performance parameters I'f 
both the uratin^; and interferometer approaches, and in addition discusses the 
tradeoffs involved in comparinii the two systems for sounding: applications. 
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SYSTEM REQUIREMENTS 

The requirements contained in this section were derived from Section II, 

Exhibit A of the contract as modified by discussions and communications with 

JPL personnel. 

1. WavelenKth Channel s - Table 1 lists the wavelengths of each of the 

t vk enty - ei^ht channels t(ipether with the maximum and minimum ex- 
pected scene temperatures and minimvim signal -to- noi se ratios (SNRs) 
required for each channel. 

2. Radi(mietric Accuracy - Absolute radiometric accuracy ll% in all 
channel s. 

3. Scan Pattern and Field of Vie^ - The instrument scans t45° along a 
line perpendicular to the ground track. Ihe instrument footprint is 
45 km X 43 km at nadir including smear of the scanned spect ron'et er 
slit. Ihese requirements are the same for both the 4I7-km Space 
Shuttle orbit and the free flyer altitude of approximately bOO km. 

ia. l-'i eld - of - Vi e\\ Si multanei ty - The spatial registration and sampling of 
dll spectral channels must be such that the difference in surface area 
covered is less than 1 ®o (1(7). Factors affecting registration could be 
spacecraft or scan motion during sampling or field-of-v'iew (FOV) mis- 
registration in the optical system. 

4. Si gnal - 1 o - Noi se - (See Table 1. ) 

5. Dynamic Range - (See Talile 1. ) 

(>. C ros stalk - The maximum permissible combined electrical and optical 
crosstalk between any two detector channels shall be less than 0. l®o. 

7. Operating Fnvironment - .Space Shuttle nominal orbit altitude and imli- 
natifui as defined in .Space .Shuttle System Payload .Accommodation, .l.SC 
07700, Vol. 14, Rev. 1 1>, November l'*75, and subsequent updates. 

8. Ti me in Orbit - Up to two weeks. 
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Table 1. AMTS Channel Requirements 


CHANNEl 

NO. 

(cm'h 

At' 

(cm'h 

3m«« 
1 Kl 

3 min 
I Kl 

SNR 

imini 

MAIN 

FUNaiON 

1 

607.00 

O.S 

288 

216 

lUO 

CIOUDS 

2 

62373 

0.S 

276 

214 

100 

CIOUDS 

} 

627. 7S 

0.S 

246 

213 

100 

CIOUDS 

a 

63S.M) 

O.S 

230 

212 

100 

TEMPERATURE 

s 

646 6S 

0.S 

228 

210 

100 

TEMPERATURE 

6 

6S2.7S 

OS 

224 

207 

100 

TEMPERATURE 

7 

666. 20 

0.S 

233 

204 

IM 

TEMPERATURE 

R 

666 40 

0.S 

233 

204 

100 

temperature 

4 

668.10 

0.S 

2S4 

220 

100 

TEMPERATURE 

10 

664 10 

0.S 

242 

213 

100 

TEMPERATURE 

II 

1203 00 

1.0 

320 

216 

100 

CIOUDS 

1? 

1231.80 

1.0 

320 

216 

100 

CLOUDS 

n 

1772.00 

IS 

2S0 

216 

100 

HUMIDITY 

N 

1844. SO 

l.S 

2S0 

216 

100 

HUMIDITY 

IS 

1884. SO 

l.S 

2S0 

216 

100 

HUMIDITY 

16 

1804 SO 

l.S 

2S0 

216 

100 

humidity 

17 

1834 40 

l.S 

270 

216 

100 

humidity 

IS 

18S0. 40 

l.S 

280 

216 

1» 

humidity 

14 

1430. 10 

l.S 

320 

216 

100 

HUMIDITY 

?0 

2383. 7S 

2.0 

237 

214 

ion 

TEMPERATURE 

71 

2386 10 

2 0 

2S7 

214 

100 

TEMPERATURE 

22 

2388.20 

2.0 

274 

21S 

100 

TEMPERATliRE 

?T 

2340 20 

2.0 

242 

21S 

100 

TIMPERATURE 

?4 

2342. 3S 

2.0 

306 

217 

100 

TEMPERATURE 

?s 

2T44. SO 

2.0 

306 

217 

la 

temperature 

?6 

2424. 00 

2.S 

3.’0 

214 


SURFACE TEMP 

21 

2S0S.W 

2.S 

320 

214 


SURFACE TEMP 

2% 

2616. SO 

2.S 

320 

214 


SURFACE TEMP 


THI MIMWUV ACCtPUBlE S IGNAL -IO-\OIS[ RATIOS fOR THESE 
CHANNELS WAY BE lOLVER THAN 1(10 SINCE THEY VIElV CIOSE TO THE 
EARTH SURFACE 
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Table 2. Orbital Parameters 



kVHfRE h . ORBITAl flTITUOf 

I • orbital radius REffRRED TO EARTH CENTER 

p • orbital period 

a . IFOV Of 4S km FOOTPRINT AT NADIR 

Vo • ORBITAL VELOCITY 

Vq • VEIOCITY OF FOOTPRINT AT NADIR 

T| • IINE TISTE nA' i 

T[) • DVVEll TIME OF IFOV 

Aln • EOUIVAIENT NOISE BANOkVIOTH • ^ 


ASSUMED SHUTTLE ALTITUDE 
ASSUMED FREE fLYER ALTITUDE 
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BASELINE SYSTEM 

The instrument used as the baseline in this study is an out-of-plane 
Ebert-Fastie pratinp mount used in multiple orders (M = l,2,3,4), The sys- 
tem is shown schematically in Figure 1, and the design parameters are given 
in Table 3. 


Table 3. Grating Spectrometer Design Parameters 


SOI ID ANClE-ARfA PRODUCT 

OA ■ 0.01 jr-cm^ 

FOCAL RATIO 

03.S "SOUARE" 

FOCAL LENGTH 

43. 3 cm 

CRATING ANCLE 

S7 

OU' -Of -PLANE ANGLE 

IG 

CRAtINC SPACING 

O.OOOR^ cm 

ENTRANCE SLIT DIMENSIONS 

l.?Scm « 0. l?S cm 

EXIT SLIT DIMENSIONS 

tSEE table St 

GRATING ORDERS 

1. 2, 3. 4 


In this system the fore optics operate at Ail = 0. 01, a value close to the 
maximum possible for a reasonable grating spectrometer design. The fore 
optics are designed to give the desired footprint which is an image of the en- 
trance slit 45 km X 4. 5 kni on the earth. Since this same footprint size is 
desired irrespective of spacecraft altitude, the aperture and focal length of 
the fore optics must be changed as a function of altitude to give constant A12 
and constant entrance slit dimensions. For the shuttle altitude case being 
considered, aperture diameter is 3. 3 cm and the focal ratio is f/3. 5. The 
free flyer altitude of ‘U)0 km would require a larger aperture of 7. I cm. 

For purposes of this study it is assumed that the fore optics can be a 
simple off-axis paraboloid. In any case, the image quality degradation of 
the lore optics \\ill be small compared to that of the spectrometer itself owing 
to the F'OV size (t>. 2 x 0. t>2 ). 

The chopper is located close to the focal plane ahead of the entrance 
slit. It will be a resonant fork type operating at about 500 Hz, a value chosen 
to be above the I ''f noise knee frequency for the HgCdTe detectors. 
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Scanning ia produced by a amall object- apace plane mirror mounted at 
45"* to a abaft parallel to the optical axia. The data in Table Z are based on 
consecutive scan swaths that are contiguous at the nadir. Dwell i * me, Tp, 
id the time required for the footprint (45 km x 45 km) to traverse its dimen- 
sion on the ground. The footprint ia generated by scanning the image of the 
entrance slit which is 45 km in the along-track direction am! 4. 5 km in the 
across-track direction. 

Scanning is continuous, and to ensure spatial simultaneity hold- sample- 
ancl-ciump circuits are used for each channel. Integrators are proposed for 
the channel ovitput circuits to ensure independence of consecutive data samples 

The scan system as described has the advantage that by rotating the mir- 
ror shaft the system can be made to view the earth, space for dc restoration, 
and one or more hlackbody references. lUiwever, the scan produces image 
lot.ition ecjual to the- mirror angle a\e ay frinri nadir. Thus, at the ends of tlie 
45 scan swath the entrance slit image \eill appear rotated 45"^. In terms of 
area coverace, however, the foreshortening effect of the image rotation will 
be almost perfectly matched bv the increase in footprint size at the i*nds of 
scan (for a flat earth the match would lie ]>erfectt. r'lgure Z shows the devia- 
tion «>f the footprint size fron' the nominal 45-km dimensum as a function of 
scan angle. 
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S>’ECTROMFTFR DFSIGN 


In this system the seen'* is imaKet! at the entrance slit which therefore 
determines the instantaneous field of view (IFOV). The entrance slit is 
imaged ai thi exit slit. The disperson an^lc 3 haK been made equal to the 
jiratinn anyle Or for the channel near the center of the freejuency ^an^:e in the 
first order. For this channel (h37.24 cm'*), the exit slit is equal in width 
to the entrance slit. .All other exit slits are either larncr or smaller than 
the Of ~ 3 ‘-■ase depending on which side of the n - ^ exit slit they are on and 
the ^ rati order. 

The entrance aperture is imaued on the ^ratine and the crating in turn 
would b? imaged on the detector were it not for condersini: li>;ht pipes located 
immediately behind each of the spherical field lenses. Fach lens is a rectan- 
gular "sliver" corresponding in asfiect ratio to the exit slit it is tiehind and 
each operates f '1 in the plane of its lone flimension. The lipht pipe which 
has reflectiTiC sides only on the faces adjoining the lonj: lens dimension re- 
fluces the detector dimension by a factor of threi-. Iherefore, the detector 
has an aspect ratio of .ibou* three. 

I he most important ]iropert\ of tins anamorphic optical system is that 
It reduces the detector wulth such th.it the detectors can tie n nted on the 
fletector plane without overlapping. 1 hi s is illustrated in Future 3. A sec- 
ondary feature is that the area of the detectors is reduced thereiiy reducini; 
detector noi se. 


The equations usi'd to descrilie spe». t romet e r operation .ire as follows; 


m 

I’ 


.1 cos isin u ♦ sin 3) 


( 1 ) 


where m is the order - 1,.’., .■>. A 

IS the freauencN in c.n'^ 

6 IS the out-oi-pianr ancle - 10 
Q IS the uratin^: anitle e 57' 
d IS the dispersion anjtle (see Table f) 
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Table 4. Grating Spectrometer System Parameters 


CHANNEL 

1' 

icm'h 

t'lAt 

0 

idtqi 

sw 

(cmi 

St 

(cml 

ow 

icml 

— 

Ol 

icmi 

icm‘l 

I 

607.00 

1214. n 

67.26 

a 162 

1.25 

0.0384 

0.357 

0 0*:: 

2 

623.23 

1246.5 

61.21 

0.124 

1.25 

00365 

0357 

o. jilO 

3 

627.75 

1255.5 

59.77 

0117 

1.25 

0 0359 

0357 

0 0128 

4 

635.80 

1271,6 

57.40 

0.106 

1.25 

00350 

0.357 

00125 

S 

646.65 

1293.3 

54.51 

0.095 

1.25 

0 0339 

0357 

00121 

6 

652.75 

1305.5 

53.02 

0090 

1.25 

00332 

0 357 

00119 

7 

666. 20 

1332.4 

49.97 

0.0811 

1.25 

0.0319 

0. 357 

0 0114 

8 

666 90 

1333. 8 

49.82 

0081 

1.25 

00318 

0 357 

0 0114 

9 

668. 10 

1336.2 

49.57 

0080 

1.25 

0.0317 

0 357 

0 0113 

to 

669.10 

1338. 2 

49.36 

0.079 

1.25 

0.0316 

0 357 

0 0113 

11 

1203.0 

1203. 0 

69.77 

0185 

1.25 

0.0391 

0 357 

0 0140 

12 

1231.80 

1231.8 

63. 74 

0138 

1.25 

0.0373 

0.357 

0 0133 

13 

1772. 00 

1181 3 

76. 15 

0277 

1.25 

0.0406 

0.357 

0 0145 

14 

1844. 50 

1229.7 

64.13 

0.140 

1.25 

0.0375 

0.357 

0.0134 

IS 

1889 50 

1259.7 

59. 14 

0.114 

1.25 

00357 

0.357 

0.0127 

16 

1809. 50 

1206.3 

68.98 

0177 

1.25 

0 0389 

0 357 

00139 

17 

1839.40 

1226. 3 

64.77 

0.144 

1.25 

0.0377 

0.3'/ 

0.0134 

18 

1850.90 

1233. 9 

63. 35 

0136 

1.25 

0 0372 

0.357 

00133 

19 

1930, 10 

1286.7 

55.36 

0098 

1.25 

0.0342 

0 357 

00122 

20 

2383. 75 

1191,9 

72.73 

02P 

1.25 

0 0399 

0 357 

00142 

21 

2386. 10 

1193.0 

72. 39 

0.215 

1.25 

0.0398 

0 357 

00142 

22 

2388. 20 

1104.1 

72. 10 

0211 

1,25 

0.0397 

0.357 

00142 

23 

2390.20 

1195.1 

71.82 

0 201 

1.25 

0.0397 

0.357 

0 0142 

24 

2392. 35 

1196.2 

71.53 

0204 

1.25 

0 03% 

0357 

0 0141 

2S 

2394 50 

1197.3 

71.24 

0.201 

1.25 

0 0395 

0 357 

0.0141 

26 

2424.0 

969. t 

67.69 

0.207 

1.25 

0.0482 

0.357 

0. 0172 

27 

2505 0 

1002 

60.24 

0149 

1.25 

0 0451 

0.357 

0 0161 

28 

2616. 5 

1046.6 

52.69 

0112 

1.25 

0.0414 

0.357 

0 0147 


WHFRJ 

0 

Sw 

0l 

Ap 


• CHANNEl SPFCtRAl RESCHUtlON 
■ DISPERSION ANOIE 

• Exn Sill WIDTH 

• EXIT SI IT lENGTH 

• OnECTOR WIDTH 

• DETECTOR LENGTH 

• DETECTOR ARIA 




si n g 4- SI n 3 f 
cos 4 {U/Al/) 


(2) 


where is the width of the e\it slit 

f IS the focal length of the spectrometer 

I'/Al/ IS the channel resolution 


Ihe detector dimension across the narrow side is determined by: 

4 cos 


S, 


cos 


(3) 


The \Mdth ol the entrance slit, , is determined by the relation 


Al? = 




(f/M ){i/nZ) 


= 0 . 01 


(4) 
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whorp Sj is the* lon^tli o{ the onfrancr slit, f/# 1 and {/nZ arc the focal ratios 
»»f the telescope and spect rt>meter, respectively, (both are f/.h SI, and Sj^ = 

10 S,,. 

1 he ^ratin^ s»/.e is such that it appears "square" t\>r the U = 4 case, 
and over or under square ft>r smaller t>r larger values ('f S, l-'quation (3) 
corrects for this effect and reduces the detector ilimensitni, S^^., hv a factor 
of ^ to account for the ci'ndensin^: linht pipe. 

\ alues frimi equatimis (1), (31 and (31 .ire ^*iven in lahle 4. 

S(»ect romet er Slit Functimis 

The slit functions for the AMIS ^r.itinfi spectrometer were derived 
from .1 comlunation of rav trace data and convi^lution with geometric slit 
functn)ns. Kor purpi>ses of thesi* cal cul .iti ons, the entrance slit is rotated 
3»' from a line parallel to the ^r.itin^ lim's. 

At (he I'Mt slit plane, the slits are inclined 30' to maintain re.isonahle 
toius .ilon>i the lenyth of the slit. Althou^jh the exact value varies sli^jhtly for 
iMch slit, this IS a reason.ihle compromise. 

1 '*K ra\ s .ire tr.iced from e.ich ol three oliiect ‘points on the en'r.ince 
slit, tlu' I «Miter of th«‘ slit and M'. t>7 i>f the slit length |3 ' A ili st rihuti»>n to end 
ol slitl, such th.it it m.i\ he considered th.it e.ich spot ili.i^r.im represents 
1 A ol the slit length. Ihi s selection .ivoi.is some of the w orst r.ivs .it the 
v«'r\ end of the slit, hut pn>vides .i stMisihle .i\er.ii:e of enerev di st r ihuti on, 

riie enerc\ distribution I rom the three field points is .in.tlv/.ed hv 
effect ■' p.i,.sini; .i slit .icross the im.ice .i nd counting the number i>f r.ivs .it 
e.u h slit position. The step si e or width of the slit is selected to he a fr.ic- 
tuui tif the exit slit desired. the net ettect ol this is th.it some .ipp roxim.i - 
tions .ire used which .ir<‘ not <*x.ictl\ c on i me nsu r.i t e with the design exit slit 
or entrance slit widths. Ihe p.i r.i miM e r s used for e.iih of the five I'Xit slits 
coNermi: the len^ith i»f the exit slit |>l.ine .ire >;iven in l.ible 


1 1 
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Table 5. Fxit Slit Parameters 


BAND 

STfP WIDTH fOR 
SPOT DIAGRAM 
ANAIVSIS 

STfPS IN 
INTRANCl SUT 
CONVOlUTION 

trfECTIVt 
INTRANCf Sin 
UStD 

STEPS IN 
EXIT SUT 
CONVOlUTION 

EFFEHIVE 
EXIT SUT 
WIDTH 

6«.g 

aois« 

10 

a IS* 

in 

0.IS* 

646 6S 


10 

a IS 

10 

mssm 

669 1 


10 

0.1S 

R 


177? 


S 

0.16 

10 

ai?o 

?M1. 7 


S 

0.16 

9 

a?R8 


riie convolution is done with a desk calculat«>r, first combining the en- 
trance slit with the ima^e, and then combining the exit slit. The technique is 
much like finding a moving average I'ver a fixed number of units. 

Five slit functions were calculated as described. These are shi>wn in 
Figures 4 through S. 

The exit slit plane is steeply curved owinc to the short focal lencth of 
th.e spectrometer. Ibis confimi ration was tiriven by the need for the smallest 
possible detector array size (to minimize radiative cooler heat load). A sche- 
iiiatic drawing, of the exit slit plane is shenvn in Fiijure 1. 

For the .Space Shuttle applic.ition such a compact design would not be 
needl'd since tlie detectors could he cooled by other means (for example .a 
liquiil nitrogen transfer system or a .Imile- Thomson cryostat systeml. 


4«X' 


WOO 


£ 

^ .wool- 


inook 


a 0 cm 
«*f. • 

I • 411 cm 


I icm'h 


► U O.OJScm 


.IDtAlIZtD Sill 
fUNCTION 

•including HAV tRACl 


Ficure 4. Slit Response Function \U 
m = 4, ^ 0 cm* ^ I 


= .1383. 75 cm* ' , 


1.1 
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I-'iliure 


Slit Response Function (P = oo‘*. 1 cm*', 
m = 1 , AP = 0. 3 cm * ' ) 
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tiOOOl 


a • 0. 0009S cm 

<»c • 

I • 4^ 3 cm 


SOOOh 


« •* 


4000h 


30001- 


?000f 


-IH O OlZScm 


loonf- 


• ••* t 


ft4^ 40 ^4^ . 40 

vicm'll 


J »*.. 


> IDLAUZID SLIT 
FUNCTION 

• INCLUDING RAY TRACI 


F illin' 7. Slit Hes|)tms(' Function {l^ = ti5 cni"^, 

m = 1 , AF = 0,5 cm ■ ^ ) 




a • 0. 0004S cm 

•f, • 

I • 4T 3 cm 


'.a 


SOOOF 


400Ph 


3000^ 


.XlOOf- 


^1- O.OIZS cm 


lOOOh 




63O.0Y 
t icm 1| 


IDIALIZIO SLIT 
FUNCTION 

INCIUOING RAY TRACI 


Fi>:urc? 8. .Slit Response Function {U ~ ti35. 8 cm"^, 
m = 1 , AL' = 0.5 cm * ^ 1 
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Rackuround Calculation 

Detector performance will be dependent to sc^me extent on the back 
>*rovi»'d photon flux. This calculation tojjether with those that follow will 
rev'eal how much detector and instrument coolinji will be required. 


There arc three s<uirces for photons which fall on the detector. These 
are the scene at temperature Tq, the instrument at temperature Tj, and the 
detector packa^e at temperature T^^. 


'^SCFNF “ ^’p<^S* FS'^’.S photons- sec' ' -c!n‘“ 

^INST ■ ^p( ^1* -^•''o'*- FS( ^ photons-sec" ' -cm‘“ 

^DFT " N'pl Tj^, )(tt - D{t_s) phot ons - sec *' -cm'*^ 


where Np 


>s tlie photon radiance ft>r a ^iven temperature T and 
spectral bandwidth 


TS' ^1' ^d scene, instrument and detector temperatures, 

re spcct i v ely 

At'j,, At\^ are, resiiectively, tlu- inhand, i>rder filter, and wide- 
band • spectral bandpasses 


IS the system optical transmittance 

solid ancle subtended by the exit slit at the de- 
tector and (T - IS the solid ancle of view of the 

detector excludinc the exit slit. 


Talile ti ci' t’s the photon flux from each of these smirces for several 
representative channels. The scene temperature is assumed to be UU1^K. 

Table »’ shows that backcround photons from the instrument dominate 
except for the ci>ldest instrument temperatures and short wavelencth channels 
where scene radiance doii'inates. The table also ^:ives b.ickj; round limited 
(D for these cimditions. 

Table 7 is a compilati»m of three other noise sources expressed as D'. 
These are: D -j , due to thermally cenerated hoi e - elect ron jiairs; D '' j due 


‘Wideband means over the full spectral ratij^e to which the detector is sensitive. 
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to Johnson noise ol the detector itself; and n*'PA noise voltage of 

the preamplifier. 


Table h. Backc round Photon Flux - Gratinji Spectrometer 


Oon Oioui p BUP 'MqCdTfi 


1|NST 
1 Kl 

i 

icm’li 

OsCENt 

iP-s»c‘*-cn‘^i 

WO 

607 

6 8« lOb 


170? 

3 06 » lOb 


180«.^ 

S.66H lol? 


7M» 

4 1 « lob 

2S0 

607 

6,8« lOb 


1703 

3 06 « lOb 


180R.S 

S.66X 10*‘ 


7616 

4 1 « Iflb 

700 

607 

6.8. lOb 


1703 

3 06 . inb 


180R.S 

•>,( 16 . 10*^ 


7616 

4 1 . lOb 




4 4 « lOb 
4.%« lO" 
l.04« 10>^ 


^ 6 « »0b 
1. 1 « 10>2 
). 1 « 10>? 


OntCTOR 

UMPER4UIRE 

I Kl 




C'omponent H^C'dle Detectivitie 


0*T 


1 I r 

iki'wjt*' I lO' j (Utrh 


^ •. « lO'O 
R.S7 » lO'O 
1,4S« lOb 

1.S7 « lob 
7 R?> lO'^ 
S *S , 10*^ 

7.7i lOb 
I 7 > lOb 
4.7 « lOb 



S,?« 10*^ 
S ^ « 10*2 
S S » J0>? 


VVMfRf k • kV4Vll[NGlH Of OPfR*T|ON »» • QlUMllV fFf 1C IfNt V r • OnfCtOR RtS ISTANOE 

• CUtOfF rtV.'fUNGTM R • DHEfTOR RESPONSIVITV 


These four component detectivities for photoconductive lljjC'dle are 
Civen by the follow ini: expressions: 

1. Backi^riHind photon tlux (Table ol 


■' I'l.ll’ iL{qh) 


Thermallv generated noise 


P T = 5.3x10 
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3. Johnstm noise in the detector resistance 

1 

R(ApAf)" 

= r 

(4KTf^rp)‘ 

4. J’reaniplifier voltane noise 


n« 


VA 


i 

RlApAf)" 


\’ 


n 


Ihe system D:* is jjiven by 



i 


1 

( ' ‘ 1 

' 1 

‘Ti 


' 1 

r-UJ 

> 


Ctimbineci 


system detectivities for the H>:Cdle detectors 


are ^jiven in 


Table 8. 


Table 8. ll^Cd Te System Detectivities 


ontetoR 

TEMPfRMURI 
1 Kl 

K 

0 lrm-H7^-<*ltt‘l| M 

too 8 

?S0 K 

700 8 


ifr •• 

6 t « lO*^ 

6 4> to'® 

(1 S » 10*0 


18 S 

4.2> t0*° 

4. t « 10*0 

4 4» 10*** 

80 

18 S 

u« loO 

1 4> 10*1 

1 4« 10** 

40 

8 < 

7 7 « lOO 

4 7 « 10** 

8 7 » to** 


8. t 

7 8 « to" 

4 8 1 10*' 

4 8 1 lO** 

80 

8 < 

7 8 « loO 

4 4, 10** 

1.0. 10*? 

40 

«.,S 

4 4 » lOh 

1 « 10*^ 

7.6. 10*? 

8^ 

s s 

4 4i lOO 

1 » 10*? 

7 8 « 10*? 

80 

vs 

4 4 « lO" 

1 « 10*? 

7 8 « 10*? 


These data slunx that ciu.line the instrument is effective in increasmc only 
in the short -w avelen^th channels whereas coolini; the detector below 'HI K is 
useful onU for the I on^ - w ave len^t h channels. F(’r optimum svstem perform- 
ance. however, the instrument should be cooled below 250 K and the detector 

b elow ‘HI K . 

T he expressions tor photovidtaic InSb are as follow s: 

1 I 

(ApAf)‘ e(ApAfWnX 

' NEI'X ‘ he 
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The noise current 1 ]s^' is the RSS of hack>: round photon noise, load resistor 
Johnson noise, and detector Johnson noise currents. 

2 Z 2 1 

In = Urn + ^Thn Ijn>‘ 


Ipjy. = (ZVv-Qi^Ai^r 


1 

/•^KTlrV 


JjN 



where Or »s obtained froio Table n. 

1 he quantities used in the equations above are defined as follows: 

i 

IV'- Detector dete\ti vitv, cm Hz‘'\\att 

\ W avel efifit h, cm 

Detector cutoff wavelen>:th 
t] Quantum efficiency, assumed to i>e 0. «i 

h Planck's constant, n. »'2«*P'»>x 10*-^*^ joule sec 

c \’elocit\ (’flight, 2 . 'otV'ij s X 1 0 ^ CO' sec 

e Klectron charjje, l,n02 1‘M7x Itf* * coulomli 

1 j] Detector temperature, K 

k Boltzmann's constant, 1. 3S0»i22 x 1(1'-^ joule K 

Or Photon flux density incident on detector, photons sec cm“ 

B Responsi vitv, volts/watt 

Af Noise bandwidth, Hertz 

rj) Detector resistance, ohms 

V Preamplifier noise, volts Hz 

Ar Detector area, 0.03318 cm“ 

R A Detector resistance area pnxiuct, 1 0*^ ohms cm“ 

rj Load resistor, lo'^ ohms 
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InSb Detector Performance 

The expected performance for the InSb detectors at 5. 5-pm band below 
is summarized in Table 9. All of the D* values show'n are background limited 
(BLIP) except for the three values at the bottom (3. 8 >im at 200'*K) which are 
limited by the detector re si stance - area product. 


Table 9. InSb Detector Performance 


( Kl 

A 

iimi 

R* 

(0-cr>Zi 

Ob 

(P-cm^-stc'h 

0" (cm-H7*K.it1**l AT T|H 45 x 

300 K 

250 8 

200 K 

90 

5.5 

3« 10> 

7 . lOl^ 

5.7 1 10** 



85 

5.5 

7 « 10^ 

7 . 10>^ 

5.7 . 10** 



80 

5 5 

1 1 io5 

7 . lOl^ 

5.73. 10** 



90 

5.5 

6.5. 10^ 

l.?6. 10'^ 


1.34. 10*? 


85 

5.5 

1.5 « 105 

1,?6. lOl^ 


1. 34 . 10*? 


80 

5.5 

3.5 « 

l.?6. lO'^ 


1.34. 10*? 


90 

5.5 

1.5 . JOf 

1.4. 10>’ 



3.9. 10*? 

85 

5.5 

4. IIP 

1.4. 10>’ 



4. lOl? 

80 

5.5 

lOO 

14. 10>’ 



4 . 10*? 

90 

}.B 

1.5. 10^ 

4 2. 10*’ 

2.3. 10*? 



85 

5.8 

5 . I(l5 

4 2. 10*5 

2. 3 « 10*? 



80 

3 8 

lOf 

4 2. 10*’ 

2,3. 10*? 



■ 90 

3.8 

1.6. 10^ 

3. 7 . 10*? 


6. 98 . 10*? 


85 

3.8 

5. IC^ 

3.7 . 10*^ 


7.6. 10*? 


80 

3 8 

ir<> 

3.7. 10*? 


7.7 « 10*? 


90 

3 8 

1.7 . 10> 

4 8. 10** 



1.3. 10*’ 

85 

3.8 

5 . Klf 

4.8. 10** 



1.7 . 10*’ 

80 

3.8 

1.3. 10*’ 

4.8 . 10** 



1.9ft. 10*’ 


1 Q 
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SYSTEM PERFORMANCE 


The O’!* values given in Tables 6 and were used to calculate the NEN 
values shown in Table 10 using the following expression: 


NEN = 


• X lo7 

UATt D*-' 


where F^. 




= 2. 5 chopping factor 
= Table 5 


ilA - 0.01 solid angle-area prcxluct 
T-j- =0.21 total optical transmittance 
Ai/- = Table 1 spectral bandpass 
Af = 1. ‘14 Hz (Table 2) 


Table 10 gives the system NEN values for three instrurnent tempera- 
tures: 300 K, 250' K and 200'’K and two detector temperatures: 90“K and 80“K. 

Also given in the table are signal- to- noi se ratios for the maximum and mini- 
mum temperatures specified in Talile 1. The data show that for a nominal 
instrument temperature of 250 K and detector temperature of ‘>0'K the 
SNR = loo IS obtained except for channels 20, 27 and 2H. In these latter two 
It can be argued that since the sho rt - w av el engt h channels see deeo in the 
atmosphere, the minimum teniperature should be warmer than _ '4 K. For 
colder instrument or detector temperatures, performance is improved. 


For the higner altitude free fl\er applicatifin at 'iQO km the field of view 
can be reduced to give the same 45 km x 45 km footprint and the aperture in- 
creased to maintain the same A'.?. I'nder these conditions. Table 2 shows 
that the dwell time is reduced by a factor of about two. Thus, NFN values 
for the free flyer will be about a factor of 1.4 larger than those shown in 
Table 10. 
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10. Grating Spectroniete r NEN/SNR 
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Table 10. Grating Spectrometer NFN/SNR (Cont) 
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PRELIMINARY CRATING SPECTROMETER 
DETECTOR ARRAY CONFIGURATION 

A principal concern in the desifin of the multidetector grating spectrom- 
eter is the size of the detector array and the difficulty likely to be encountered 
in cooling it. While cooling for the Space Shuttle application should not be a 
problem since adequate supplies of gaseous nitrogen for a Joule - Thon> son 
cryostat or liquid nitrogen for a liquid transfer system can be carr' >* for 
the anticipated two-week mission. 

However, for the free flyer mission radiative cooling is probably the 
most practical approach since the only reasonable alternative, a cryogenic 
refrigerator, could require up to 100 watts of input power most «)f which 
(^ ‘)() watts) would have to be dissipated radiatively. Although these devices 
are currently under development for extended space missions (at Hughes the 
VM cycle refrigerator) denu)nst rated reliability and service life are not yet 
competitive with radiative coolers. 

For purposes of this study we have found that the radiative cooler cur- 
rently being developed for the Thematic Mapper to be flown on I.ANDSAT D 
IS a good baseline design for the AMTS. The spacecraft applications appear 
to )>e similar with about the same or!)it altitude ('*00 km) and sun orientation 
(both are sun synchronout at ^10 am). Also, the detector heat loads appear 
to be SI mi lar. 

The size of the detector array on the AMTS is determined by the spec- 
trometer focal length and dispersion .ingle 3 between detectors at the extreme 
ends of the array (c annels 10 and 1..). For the system described the array 
length will be 20. b cm and the ove rail package size might )>e about 22x2x4 cm 
including the spherical field lens slivers and condensing light pipes. 1 he en- 
tire package will have to be cooled although only the detectors themselves will 
need to be cooled to ‘>0 K or bel»»w. Using the design equations for the The- 
matic Mapper (modified for the AMTS) and assuming that the detectors are 
mounted on the cold stage of the radiative ci>oler and the lens/light pipe assem 
bly is mounted on the intermediate stage, the expected temperature for the 


SANTA BARBARA RESEARCH CENTER 


23 


I. 


SBRC 


detectors is 77”K and for the intermediate stage is 131*’K. A comparison of 
heat loads and operational temperatures between the Thematic Mapper and the 
AMTS is given in Table 11. Two figures show’ing schematic and perspective 
views of the Thematic Cooler are Figures ^ and 10, respectively. 


Table 11. Low Orbit Radiant Cooler Nominal Heat Loads 
(All power in milliwatts) 


HEAT SOURCE 

TO INTERMEDIATE STAGE 

— 
TO COLD STAGE 

TM (154 Kl 

AMTS (131 Kl 

TM (81.6 Kl 

AMTS (80.4 X* 

INPUT RADIATION 
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48 

24 

a7 

.4 
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33 
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-- 
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— 

DOOR EMISSION 

360 

185 

— 

— 

SHIELD EMISSION 

" 

- 

14.3 

7.6 

WARM STAGE EMISSION iINTERIOR' 

1354 

680 

26.7 

14.0 

band and lead penetration 

-- 

" 

2.0 

1.1 

SCENE EMISSION (APERTURE* 

— 

-• 

4.2 

11.7 
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8.2 

7.0 
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47 

31 

11.6 

10.0 

OTHER 
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6.5 

2.5 

CONTAMINATION BARRIER 

?6 

21 

" 

-- 
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-- 

-- 
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-- 
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•• 
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-- 

-- 
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-- 

-- 
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MICHELSON INTERFEROMETER APPROACH 

The reasons for pursuing the interferometer approach were as follows: 

1. To reduce the overall instrument size and weight for the eventual 
free-flyer application. 

Z. To reduce the number of detectors requiring cooling. The inter- 
ferometer to be described uses one InSb and two HgCdTe detectors. 

i. To have the potential of higher throughput, spectral resolution and 
flexibility of channel selection as conipared with the grating spec- 
t rcmeter. 

The candidate interferometer is a 1-inch aperture flat-plate Michelson 
with the moving mirror attached to a rotating rather than translating assembly. 

The advantages of this configuration are that the fringe output of the 
interferometer is not disturbed by first-order displacements or tilts of the 
moving mirror assembly. .-Mso, since the moving assembly can be mounted 
on flex pivots an integral torquer can be used for drive thus eliminating the 
bearing and lubrication problems associated with a linear drive. Interfero- 
metric alignment tolerances still must be maintained between the two mirrors 
in the fixed and the two mirrors in the moving assemblies. Figure 11 shows 
the current configuration being developed at SBRC using the .AMTS require- 
ments as the baseline. The purpose of tliis effort is to develop the technology 
needed for future sounding applications. 

Opti cal S> stem 

The instantaneous field of view (IFOVl of the interferometer is limited 
by the internal divergence angle and the spectral resolution (Rli = Ztt). For 
most sounding channels the resolution is about IZOO. Thus, the IFOV is 0.072 
rad giving a footprint of 30 kni x 30 km from .Shuttle altitude without optical 
correction. However, the fore optics shown in Figure 11 allow demagnifica- 
tion so that a 45 km X 45 km footprint can ue obtained independent of altitude 
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l-'icure 11. Michelson 1 nte rfe rtmieltT Schrniatic 


while maintaining con.stant The stop in the fore optics provides a field 

defining aperture which will reduce the aiiKHxnt of stray liitht entering the 
interferometer. 

The orbital parameters shown in Table 1 ripply to the interferometer as 
well as to the grating instrument. The calculations for dwell time and noise 
bandwidth include a value of for scan efficiency — which takes into account 

both the scan efficiency of the object-space scan system and the Michelson 
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mirror drive. In this system the object-space scan mirror moves in steps 
equal to the footprint and dwells at each step for a time equal to the dwell time 
shown in Table 1, The down track smear during the dwell time amounts to 
about 4% of the footprint dimension. This smear might not be a problem were 
it not for the fact that the 28 channels have various spectral resolutions. This 
means that the lower resolution channels are sampled at a smaller Michelson 
mirror deflection than the high resolution channels and thus at a different time. 

Image motion compensation would correct for this problem directly. 

The amount of compensation required would be 3. T'’ per scan line. 

Optical Parameters 

The optical transmittance of the interferometer system depends on the 
properties of each element shown in Figure 11. Table 12 identifies each opti- 
cal element which in stMiie cases is characterized by t ran smitt ances for each 
of two polarization axes. Table 13 gives values of reflectance and transmit- 
tance for each optical element. 

System t ransmitt ances are presented in Table 14. 


Table 12. Optical Flement Identification 
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Table 

( 13. 

Optical Element Characteristics 
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Values are vkavelength independent 
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Table 14. Sy stem Opti cal Parameters 
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Background Photon Flux 

The photon flux falling on the detectors originates from two principal 
sources: the scene, and the instrument itself. That portion coming from the 
instrument is a function of the emissivity of the optics. From Table 14 it is 
clear that the emission of the aft optics dominates and therefore the tempera- 
ture of this assembly is important. For the systems calculations that follow 
it is assumed that the detectors, cold stops and cold filters/dichroics are 
held at and the rest of the aft optics at 150°K (cold ard intermediate 

stage temperatures of a Thematic Mapper type cooler). 


While the interferometer has a throughput advantage as compared to the 
grating instrument the detectors see a greater background photon flux not only 
from the increased throughput but also because the detectors must operate 
broadband. Moreover, the interferometer offers no multiplex advantage. To 
obtain optimum performance it is necessary to cold- shield the detectors in 
such a way as to minimize the background on the short -wavelength detectors. 
The channels are therefore separated into three spectral groups as follows: 


Channels F requency Detector Type 


1-10 

h07-t)6U cm’ ^ 

llgCdTe 

1 1 - D> 

1203- 1 U30. 1 cm* ' 

HgCdTe 

JO-28 

2 583. 75 - 2 h 1 h. 5 cm* ^ 


The aft optics condensing lens will lie 1-inch diameter f/1. The detec- 
tor will the re for e be 1 . 83 v 1 . 8 3 mm. The background photon fluxe s and ex - 
pected detectivities for the three spectral ranges are given in Table 15. 


Table 15. Background and Detectivity 



Ob 

D 'C" M.’ Aaii *■ 

D ;lMlT[0flv 

icr li 


' '0 f. 

At BO K 

•JO n. 

BO K 

«17 n>Q 
iMqtrllf ' 

1 10*'’ 

Si 10*0 

» 1 IQIO 

iwtRMAl 

CtN{KATl0\ 

BACKGROUND 

IPOMOW 1 
iHgCrtlf 

1 

S 1 lOll 

7 1 10“ 

bACsCROl'.D 

SACkGKOUND 

tlnSb' 

s ► . inO 

7 I 10>‘ 

« I ,ol‘ 

OHiCIOW 

jOh'.SON 

NOISI 



B*CKC»0L'\C i*.CL ATID f«0V » i*.STRlMtM • IM n Afl 0P1ICS 


SANTA BARBARA RESEARCH CENTER 


30 




iSBRC 


The noise equivalent radiance (NFN) values shown in Table 16 were 
calculated using the expression: 


NEN 


>/ApAfx lO'^ 
TpD* Al/ 


where 


Ap = detector area = 0. 0334 cm^ 

Af = 1/(2 Tp) related to Al/»; see Table 2 

All = 0. 026 

Tp = See Table 14 

iy> = See Table 15 

AU = See Table 1 


Table lb. Interferometer NEN and SNR Values 
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\V here NFN(‘*0 ) i« the value calculated with an initrun'ent temperature 

ri( J50 K, aft optics temperature of 150'K, and a detector 
temperature of *0"K 

T1 ' maximum specified scene teniperature 

T.I * iriinimum specified scene te iperature 

T(100- 1 SNR) = scene temperature (or SNR « 100 
if SNR (T 2 I 100 
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DATA REQUIREMENTS 

The data requirements for the two systems are similar provided that 
the interferogram processing is done on-board and in such a way as to produce 
the same 28 discrete channel outputs as does the grating spectrometer. 

If the 28 data channels are multiplexed and linearly digitized, the num- 
ber of bits required to digitize the dynamic range defined by the minimum and 
maximum specified temperatures is given in Table 17. The number of bits is 
chosen such that the digitization level is equal to the NEAT. The rms temper- 
ature uncertainty ATg, therefore, will be given by: 


AT 
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NEN 

[5N/oT| 
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Tl. Tl 


and the number of bits required: 

log:N(T2l - Ndi'.’j 
" = 

Table 17 shows the resultant system temperature uncertainty AT^ for 
both systems. Generally, the gratint; inst»*ument is better by a factor of two. 

If a lf)-bit digitizer were used for all channels, the percentage improve 
ment would be as shown in Table 17. 
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Table 17. System Temperature Uncertainty and 
Data Bit Requirements 
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SUMMARY 

The results of this study show that instrumentation for high resolution 
sounding of the atmosphere is feasible. In terms of present day technology 
the baseline grating spectrometer approach appears to be preferable to the 
interferometer approach since it gives a factor of about tv o better NFN per- 
forruance in all channels. However, there are other tradeoffs to consider 
which may shift the balance toward the interferometer. These are discussed 
below. 

Size and Weight 

the grating instrument will occupy a volume roughly hO by 25 by 25 cm 
and will weigh about 120 pounds, not including electronics <ir cooler. This 
compares with an estimate of 30 by 30 by 2 5 cm and weight of 8 0 pounds for 
the interferometer. Since detector cooling requirements for the interferom- 
eter are less than for the grating instrument, the overall difference in size 
and weight will be even greater. 

Sensitivity 

Table 17 gives a comparison of temperature uncertainty, ATg, for the 
two systems. For the conditi ms assumed, the grating system is a factor of 
approximately two better in all channels. S«'me improvement is possible for 
the interferometer by careful design of optical element coatings, but the total 
improvement would be at most about 2 5"n. Additional improvement is possi- 
ble by increasing ’be aperture. 

Spectral Channel Selection 

The channel wavelengths for the grating instrument are determined by 
the detector location in the lispersion plane and are fixed by the design, al- 
though by rocking the grating, all chanmds can be scanned up or down in fre- 
quency to some extent. Due to physical interference of the detectors, none 
of the channels c"^n overlap. I he interferometer on the other hand has com- 
plete flexibility as to channel frequency and bandwidth, and, of course, a 
complete spectrum can be produced if desired. 
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Spatial Scanning 

The scan mirror in the uratinji spectrometer scans cross course in a 
continuous motion. When a footprint 45 km X 45 km has been scanned by the 
imane t'f the entrance slit, all channels are held, sampled by the multiplexer, 
and digitized sequentially. Thus, the i>utput of each spectral channel is inte- 
grated over the 45-kiii footprint. 

The interferometer uses two mirrors: one to step scan the 45-km X 
45-km footprint cross course, and the other to compensate for the down- 
ct>urse motion durini* the Michelson mirror travel. 

.Mechanical Complexity 

As mentioned in the previous section, the interferometer scan is more 
complicated than the uratinc instrument scan, and although the flex pivot 
mounted Michelson mirror assembly is simple and insensitive to first order 
tilts, mechanical alignment and stability are of the utmost importance. Off- 
settim: this to some extent is the need in the uratinu instrument for a 
cratini: "rocker" t<> maintain alii;nment between the yratinn and the dis- 
persion plane, .ind for spectral caliliration purposes. In aildition. th^' 
^ratine instrument has a ».hopp«T mechanism which can be a simple resonant 
fork (li'Vice. 


Data Processini: 

Ihe cratini; system is clearly simpler than the interferometer since no 
on-board processing is needed and the d.ita rate is low. Howe”*>r. it lacks 
the potential flexibilitv of the interferometer. 

.Several data processinc methotls are possil>le for the interferometer. 
C>ne method, usini: a phase lock lo«»p analyzer currently under development at 
.SMKC, operates b.asically like a wave an.ilvz.er, producini* sine, cosine, and 

» 9 

sin“«cos*' outputs for each spectral channel. Like the cratini: instrument, 
individual channel outputs are prcKluced l>ut the spectral placement can be 
commantled remotely, and there is no restrictu>n on «werlappinu channels. 


SANTA BARBARA RESEARCH CENTER 


35 


SBRC; 


The conventional Fast - Fourier Transform method usinji an on-board 
special-purpose computer may be feasible in the time scale of this flight, 
particularly if simplifications in the algorithm can be effected. 

Of course, the interferog ram can be sampled directly and the data sent 
to the ground at a high data rate. In this case, the complete spectrum would 
be a\ ailable. 

Detector Cooling 

For the Shuttle application cither system could use a Joule- Thomson 
cryostat or liquid transfer system, Hovevcr, for the TIROS type spacecraft, 
radiative cooling is appropriate. The cooling capability of the I hematic Map 
per cooler currently under development at SRRC appears adequate for the 
grating instrument, bu' a somc>Ahat smaller design would be satisfactory for 
the interferometer. 
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